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Abstract.
We present a model for P-N-P abrupt heterostructures vertical to temperature gradient to
improve the thermoelectric performance. The P-N-P heterostructure is considered as an abrupt
bipolar junction transistor due to an externally applied temperature gradient paralleled to depletion
layers. Taking Bi2Te3 and Bi0.5Sb1.5Te3 as N-type and P-type thermoelectric materials respectively
for example, we achieve the purpose of controlling the Seebeck coefficient and the electrical
conductivity independently while amplifying operation power. The calculated results show that the
Seebeck coefficient can reach 3312V/K, and the ZTmax values of this model are 45 or 425, which
are tens or even hundreds of times greater than those of bulk materials and films.
I. Introduction
It is well known that energy issue is imperative for most countries in
the world. Many researchers have searched for novel sustainable and
renewable energy sources in order to alleviate energy consumption needs
and increase utilization efficiency. Thermoelectric materials have
attracted a lot of attention because of their reversible conversion between
heat and electricity.
Thermoelectric performance is quantified by the dimensionless
figure of merit 2 /ZT S T  , where S is the Seebeck coefficient,  is
the electrical conductivity, T is the absolute temperature and  is the
thermal conductivity.[1] Thermal conductivity primarily includes the
lattice thermal conductivity ( L ) and the electronic thermal conductivity
( e ). , 2S  is called “power factor” of the thermoelectric material.
However, these parameters are mutually influential, which makes it
difficult to enhance thermoelectric performance. Therefore, most
traditional bulk thermoelectric materials can reach max 1ZT  , such as
Bi2Te3, PbTe and SiGe alloys.[2]
Generally speaking, if the commercial thermoelectric materials have
a higher ZT, their conversion efficiency would be higher.[3] And
thermoelectric materials need have ZT values greater than 3 to be
competitive with traditional mechanical equipment.[4]
In order to enhance ZT values, low-dimensional thermoelectric
materials have become the forefront of research since 1990s. Hicks and
Dresselhaus initially presented the concept that low-dimensional
materials could increase their thermoelectric performance after improving
its power factor in 1993.[5] Based on their assumptions, a max 6ZT  for
the Bi2Te3 two-dimensional material was obtained. This prediction was
confirmed by many experimental data. The high ZTmax value of 2.4 in
P-type Bi2Te3/Sb2Te3 quantum-well superlattice material was prepared by
Venkatasubramanian et al.[6] Then a greatly enhanced ZTmax value of 3
was obtained in N-type PbSeTe/PbTe quantum-dot superlattice material
by Harman et al.[7] In addition, 1ZT  silicon nanowires achieved by
Boukai et al were one hundred times greater than bulk silicon materials.[8]
Hinterleitner et al. prepared Fe2V0.8W0.2Al films by magnetron sputtering,
which reached a maximum ZTmax of 6 around 350-400K.[9]
These enhanced thermoelectric performances mainly originated
from two aspects: (1) the Seebeck coefficient can be improved by
introducing quantum confinement effect;[10,11] (2) the lattice thermal
conductivity can be decreased because phonons are effectively scattered
by interfaces.[12-14] However, there are some questions that hinder the
development of low-dimensional thermoelectric materials. First of all, the
improved ZT values of most low-dimensional thermoelectric materials are
derived from the reduction of the lattice thermal conductivity, rather than
the increase of power factor. Secondly, it is difficult to control S and 
independently. Therefore, it is a more common choice to make the
addition of the Seebeck coefficient greater than the reduction of the
electrical conductivity.
In order to solve these questions, we present a model for the P-N-P
heterostructure, which was designed through arranging several P-N
junction thermoelectric materials in a certain structure. In fact, P-N
junctions have been studied a lot and used widely since 1950s. In the late
1990s, P-N junctions were predicted to enhance Seebeck coefficients and
ZT values of thermoelectric materials by Dashevsky,[15] Zakhidov,[16]
Ravich[17] and others. Wagner and Span proposed a new approach that
P-type material and N-type material could be directly connected without
metal electrodes. Meanwhile, a temperature gradient was applied along
this P-N junction, as shown in Figure 1.[18] The measured results
demonstrated that the efficiency of this approach is higher than traditional
P-N junctions.[19] Further research on this approach was carried out by Fu
Deyi et al. Fu Deyi theorized that this approach could increase the
Seebeck coefficient and decrease the electronic thermal conductivity due
to the effect of eddy currents in the P-N junction.[20]
Figure 1. P-N junction with applied temperature gradient
In this work, we propose a P-N-P abrupt heterostructure model
vertical to temperature gradient, and provide the detailed analysis process
along with calculated results. Here, due to the effect of temperature
gradient, the P-N-P heterostructure behaves as a bipolar junction
transistor to achieve power amplification. The collector current is
controlled by the emitter current in a bipolar transistor, while the Seebeck
coefficient is controlled by base-collector interface. The purpose of
independent control with regards to both the Seebeck coefficient and
electrical conductivity is realized. As a result, the ZTmax values can reach
tens or even hundreds of times greater than those of bulk materials and
films.
The paper is organized as follow: In Sec. II we shall describe our
model for P-N-P heterostrctures. In Sec. III we will show and discuss our
calculated results. In Sec. IV we shall conclude.
The scheme that has been adopted with respect to notation is
illustrated by the partial list of symbols shown in Table I. In addition, the
symbol μ has been employed for charge carrier mobility, D for diffusion
constant.
Table I. Partial list of symbols used
Symbol meaning
Na, Nd Doping concentration in a P-type material, in a N-type material.
Ex Electric field intensity in an abrupt P-N junction.
xp, xn Depletion layer width near a P-type region, near a N-type region
 Electric potential variation in an abrupt P-N junction
r Relative permittivity of the material
0 Vacuum dielectric constant
q the electronic charge, =1.610-19C
kB the Boltzmann constant, =1.3810-23J/K
ni Intrinsic carrier concentration of the material
Vs The Seebeck voltage generated by the temperature gradient.
EC, EV Conduction band minimum of the material, valence band maximum of the material.
EFp, EFn The quasi-Fermi level in a P-type material, in a N-type material.
m* The effective mass of the material.
II. Analytical model for P-N-P heterostructures
An analytical model for thermoelectric properties of P-N-P
heterostructure is presented in this section. Under the effect of
temperature gradient, P-N-P heterostructures behave as a bipolar
transistor. A general circuit diagram of a P-N-P heterostructure is shown
in Figure 2, where P-type material (at the left side of this figure) is
considered as an emitter material, N-type material is treated as a base
material, and another P-type material (at the right side of this figure) is
acts as a collector material. In addition, there are depletion layers at the
both of base-emitter interface and at the base-collector interface. The base
width is considered to be the sum of the width of both depletion layers
near N-type region. As a result, the base region can serve as an insulating
layer, in which majority carriers have been depleted. The direction of
temperature gradient is assumed to be parallel to these depletion layers.
Therefore, in the X direction, the Seebeck voltage can be produced due to
the existence of temperature gradient. Meanwhile, the Seebeck voltage
can become an external power supply in the bipolar transistor. We have
biased the emitter forward and the collector in reverse to achieve the
purpose of power amplification. We have also treated the bipolar
transistor as two coupled P-N diodes, according to the Ebers-Moll
model.[21]
Figure 2. Circuit diagram of a P-N-P heterostructure
In order to simplify this calculation, we have adopted several
assumptions: (1) abrupt P-N junctions; (2) Depletion layer approximation;
(3) Long-length approximation; (4) some assumptions for the bipolar
transistor.
(1)Abrupt P-N junctions
We have divided this bipolar transistor into two coupled P-N
junctions and assumed these P-N junctions are all abrupt junctions, which
means that impurities are uniformly distributed in different regions. For
one abrupt P-N junction, doping levels in P-type material and N-type
material are kept constant when it is away from this junction and will
abruptly change at the junction interfacial region (as in Figure 3b). It is a
consensus that a dN N in the P-type region and d aN N in the N-type
region. As a result physical parameters of the abrupt P-N junction usually
vary in different regions, such as electric field intensity (as in Figure 3c)、
electric potential (as in Figure 3d) and doping levels.[22]
Figure 3. (a).An abrupt P-N junction; (b). Doping levels for the abrupt junction;
(c). Electric field intensity for the abrupt junction; (d). Electric potential variation for
the abrupt junction.
We have found that the electric field intensity is zero and the electric
potential variation is constant when away from the junction interfacial
region in thermal equilibrium. Therefore, we have divided this P-N
junction into three regions: P-type region, N-type region and depletion
layer, where the depletion layer has an electric potential difference and
other regions are neutral.
(2)Depletion layer approximation
If P-type material and N-type material combine to form a P-N
junction, the majority carriers of two regions will move to the opposite
area due to carrier concentration gradients that exist at the interface. It
results in a depletion layer at the interface when the equilibrium is
reached again.
To solve for the potential barrier biV across the depletion layer, we
have employed the depletion layer approximation. In this assumption,
there are no free electrons and holes in the depletion layer, only impurity
ions ( dN or aN ). Moreover, recombination is completely neglected in the
depletion layer. As a result, the potential barrier biV can be obtained by
solving Possion’s equation:[23]
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We have also utilized another assumption that the voltage drop will
only appear at the depletion layer if an external voltage (Vs) is applied.
Simultaneously, the potential barrier is independent of the temperature
gradient and external voltage.
(3)Long-length approximation
Generally, there are different Fermi levels between P-type material
and N-type material. Therefore, the Fermi level can be realigned during
the process of forming a PN junction, resulting in the quasi-Fermi level.
To simplify this analysis, we have adopted the assumption that the
quasi-Fermi level is constant.[24]
In reality, minority carriers of P-type material and N-type material
need to be considered. This is because the recombination of minority
carriers and majority carriers can affect the performance of a P-N
junction. Therefore, the long-length approximation has been employed,
in which the electron and hole diffusion lengths are shorter than the
widths of P-type and N-type regions.[25] In other words, electrons and
holes are recombined completely in the neutral region. The specific
description is shown in Figure 4:
Figure 4: P-N junction in long-length approximation
The quasi-Fermi level ( FnE ) of N-type material is therefore constant
in N-type region and the depletion layer under the same temperature, and
the same applies to P-type material. The quasi-Fermi level is directly
reflected in the dependence of the carrier concentration, resulting in a
convenient calculation for the Seebeck coefficient:
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Where 1/ 2r   is the phonon scattering parameter, sV is the
Seebeck voltage, and T is the temperature difference.
In this model, we have used Seebeck coefficients of bulk N-type
material and P-type material as the basis for calculating the Seebeck
voltage of the P-N junction.
(4 ) Some assumptions about the bipolar transistor
Although we have divided the bipolar transistor into two P-N
junctions during the analysis process, the expression for volt-ampere
characteristic of the bipolar transistor is still essential when calculating
the overall thermoelectric performance. The suitable expression for
volt-ampere characteristic of the bipolar transistor is not only based on
above assumptions, but also requires some further hypotheses.
In our model, the base width is very thin(around 20nm) and the
recombination of electrons and holes in the base region is neglected so
that the base current is equal to zero, which means that the emitter current
is equal to the collector current. Meanwhile, we have adopted small
injection levels. Therefore, the expression for volt-ampere characteristic
of the bipolar transistor is written as:
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where EJ is the emitter current density, BpB pB
k T
D
q
 is the hole
diffusion coefficient of the base material, pB is the minority carrier
mobility of the base material, nBP
 is the minority carrier concentration of
the base material, BW is the base width, BnE nE
k T
D
q
 is the electron
diffusion coefficient of the emitter material, nE is the minority carrier
mobility of the emitter material, pEN
 is the minority carrier
concentration of the emitter material, nE nE nEL D  is the minority
carrier diffusion length of the emitter material, nE is the relaxation time
of the emitter material, and EV is the emitter voltage.
We have assumed the emitter current is equal to the collector current,
and the current density of both is the same if junction areas of the
base-emitter interface and base-collector interface are identical. Therefore,
E CJ J can be obtained.
Subsequently, the collector voltage and emitter voltage can thus be
determined. We have assumed that the emitter is forward biased and the
collector is reverse biased. In addition, the Seebeck voltage caused by the
temperature gradient is treated as an external power supply for the bipolar
transistor. Moreover, the potential barrier EbiV of the base-emitter
interface and the potential barrier CbiV of the base-collector interface are
independent of the external voltage. Therefore, the emitter voltage EV
and collector voltage CV can be written as:
E
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where ES is the Seebeck coefficient of the emitter material, and CS is
the Seebeck coefficient of the collector material.
After determining EV and CV , the depletion layer width ( dCx ) across
the base-collector interface can be written as:
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where nCx is the depletion layer width near the base region, and
pCx is the depletion layer width near the collector region. And the
depletion layer width across the base-emitter interface ( dE nE pEx x x  ) can
also be obtained. Consequently, the base width in Eq.(4) is equal to
nEx + nCx .
The electrical conductivity of the bipolar transistor can be derived
from the emitter current density:
eJ
E
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where E
nE pE
V
E
x x
  is the average electric field intensity across the
base-emitter interface (depletion layer) as the electric field varies linearly
with distance for an abrupt P-N junction.
The Seebeck coefficient of the bipolar transistor can be obtained
based on the collector voltage:
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Finally, the power factor and ZT of the bipolar transistor can also be
obtained:
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By solving Eq.(3a)-(9b), the thermoelectric performance of the
bipolar transistor can be obtained.
III. Result and Discussion
The model described in this work has been implemented using
MATLAB. Because Bi2Te3 and Sb2Te3 are widely used thermoelectric
semiconductor materials, we applied our model to a
P-Bi0.5Sb1.5Te3/N-Bi2Te3/ P-Bi0.5Sb1.5Te3 heterostructure in order to
evaluate the potentiality of this model. Table II. shows these material
parameters used in the simulation.
Table II. Material parameters used for the simulation (Tc=298K Th=323.15K)
Material
Parameter
Emitter
(P-Bi0.5Sb1.5Te3)
Base
(N-Bi2Te3)
Collector
(P-Bi0.5Sb1.5Te3)
Eg(eV) 0.18[26] 0.17[27] 0.18
r 260[26] 400[28] 260
m*/m0 1.441[29] 1.4[30] 1.467[29]
n(cm2/V s) 120[31] 1200[17] 120
8000[32] \ 8000[32]
p(cm2/V s) \ 510[17] \
\ 4778.3[33] \
Dn(cm2/s) 3.3446 33.466 3.3446
222.97 \ 222.97
Dp(cm2/s) \ 14.2146 \
\ 133.18 \
nE(s) 0.24[32] \ 0.24
LnE(m) 12.7 \ 12.7
103.5 \ 103.5
ni(cm-3) 1.51018 1.721018 1.51018
Figure 5 shows the relationship between Seebeck coefficients and
doping concentrations for the emitter material, base material and collector
material according to Eq.(3a). In order to obtain the better thermoelectric
performance, we set the range of Seebeck coefficients for these materials
at 220V/K～240V/K. Therefore, the scope of doping concentrations
for these materials can subsequently be determined. These results are
derived from experimental data found in previous literature.[29,30]
Figure 5. The relationship between Seebeck coefficients and doping concentrations
for (a) the base material, (b) the emitter material, and (c) the collector material
We could estimate the range of doping concentrations for these
materials through calculated results. The range for base material, emitter
material, and collector material is 19 19 32.1 10 2.7 10 / cm ～ ,
19 19 32.2 10 2.8 10 / cm ～ and 19 19 32.2 10 2.8 10 / cm ～ respectively.
2.1 Collector voltage
According to Eq. (5b), the collector voltage is the sum of the
potential barrier of the base-collector interface and the Seebeck voltage.
Moreover, we considered that the collector voltage is a function of the
base doping concentration and collector doping concentration based on
Eq.(2) and Eq.(3a), as shown in Figure 6.
Figure 6. Collector voltage in the P-N-P heterostructure
In order to obtain the maximum output power, the collector voltage
should be at the maximum. We can see that the maximum collector
voltage is 0.1656V when doping concentrations of the base material and
collector material are 19 32.7 10 / cm and 19 32.8 10 / cm , respectively.
Therefore, we can determine the optimal doping concentrations for the
base material and collector material. Subsequently, 11.75nCx  nm can be
obtained to calculate the base width .
2.2. Emitter voltage and Emitter current density
After determining the base doping concentration, the emitter voltage
is also derived from Eq.(2), (3a) and (5a). Figure 7 shows the relationship
of the emitter voltage and the emitter doping concentration.
Figure 7. Emitter voltage in the P-N-P heterostructure
We find that the magnitude of the emitter voltage increases as the
emitter doping concentration increases. This finding indicates that the
potential barrier of the base-emitter interface is positively correlated with
the emitter doping concentration and the Seebeck voltage is relatively
small. But we can’t define the optimal doping concentration of the emitter
material just from Figure 8 as the emitter current density is a more
important parameter for the bipolar transistor. As a result, we calculated
the emitter current density based on data presented in Table II. The
relationship between the emitter current density and the emitter doping
concentration under different carrier mobility is shown in Figure 8.

Figure 8. Emitter current density in the P-N-P heterostructure
(a) 2 1 1510p cm V s     for the base material, 2 1 1120n cm V s     for the
emitter material (b) 2 1 14778p cm V s     for the base material,
2 1 18000n cm V s     for the emitter material (c) 2 1 1510p cm V s     for the
base material, 2 1 18000n cm V s     for the emitter material (d)
2 1 14778p cm V s     for the base material, 2 1 1120n cm V s     for the emitter
material
As it can be seen, there are different emitter current densities under
distinct carrier mobility and the absolute values of emitter current
densities increase with the increase of the emitter doping concentration.
In order to gain the maximum output power, we determined the emitter
current density should be the maximum and also obtained the optimal
emitter doping concentration along with the maximum emitter voltage.
Meanwhile, the depletion layer width ( nE pEx x ) across the base-emitter
interface and the base width ( nEx + nCx ) were determined.
We summarized the maximum emitter current densities under
different conditions in Table III.
Table III. The maximum emitter current densities under different carrier mobility
(T=323.15K)
Carrier
Mobility
EmitterCurrent
Density/A/m2
Doping
Concentration/cm3
Emitter Base
Voltage/V Width/nm
p=510cm2/V s
n=120cm2/V s
-1.8881011 2.81019 0.1435 22.69
p=4778cm2/V s
n=8000cm2/V s
-1.7691012 2.81019 0.1435 22.69
p=510cm2/V s
n=8000cm2/V s
-1.8921011 2.81019 0.1435 22.69
p=4778cm2/V s
n=120cm2/V s
-1.7691012 2.81019 0.1435 22.69
It is evident that the maximum emitter current densities remain
almost unchanged when the minority carrier mobility ( p) of the base
material is constant from Table III. This is because the base width is
nanoscale and the electron diffusion length of the emitter material is
micron level. Therefore, we considered that the minority carrier mobility
of the base material is the main factor affecting the maximum emitter
current densities. Moreover, the nanoscale base width results in a large
emitter current density, which increases the output power in the bipolar
transistor.
2.3 Thermoelectric performance
Because we selected the optimal collector voltage and the maximum
emitter current density, the optimal electrical conductivity and Seebeck
coefficient of the bipolar transistor can be obtained according to Eq.(7)
-(9b). Specific calculation results are shown in Table IV.
Table IV. Electrical conductivities, Seebeck coefficients, power factors and ZT
for the P-N-P heterostructure (T=323.15K)
Case Carrier
Mobility
/cm2/V s
Electrical
Conductivity
/S/cm
Seebeck
Coefficient
/V/K
Power
Factor
/W/cm K2
ZTmax
I p=510
n=120
255.9 3312 2807.06 45
II p=4778
n=8000
2397.7 3312 26301.2 425
III p=510
n=8000
256.44 3312 2813 45
IV p=4778
n=120
2397.7 3312 26301.2 425
The electrical conductivities of all the cases are shown in Table IV.
We can find that these cases have electrical conductivities of about
255.9S/cm, 2397.7S/cm, 256.44S/cm and 2397.7S/cm, respectively. The
magnitude of electrical conductivity of all the cases change with the hole
mobility of base material (N-type Bi2Te3). Compared with N-type Bi2Te3
bulk material ( 1204.5 /S cm  )[29] and film ( 2174 /S cm  )[34] in previous
literature, electrical conductivities of Case I and Case III are lower than
those of the bulk material and film. Because electrical conductivities are
derived from Eq.(4) and Eq.(7), we consider that the emitter current
density is the main factor affecting electrical conductivities. We can see
that the emitter current density is related to minority carrier
concentrations at the base region and the emitter region in Eq.(4).
Therefore, possible explanation behind the low electrical conductivities
of Case I and Case III is the relatively low minority carrier concentrations
at the base-emitter interface. On the other hand, Case II and Case IV have
almost the same electrical conductivities as films. This is because the
minority carrier mobility of these two cases is larger than those of films
( 210.7 /cm Vs  ) in Reference [34]. We believe that the reduction in the
carrier concentration is more than compensated for by the increase in the
carrier mobility.
The Seebeck coefficients of these cases exhibit very large absolute
values, which are 50 times greater than those of films and 15 times
greater than those of bulk materials. We believe that such a large Seebeck
coefficient may be caused by the potential barrier of the depletion layer in
the base-collector interface. In this depletion region, majority carriers can
be depleted completely and the recombination of electrons in N-type
material and holes in P-type material at the cold region under this
temperature gradient can be eliminated. Therefore, the high values of
Seebeck coefficients can be obtained.
So far, we have considered only electrical conductivities and
Seebeck coefficient since it is through these performances that our model
predicts an increase in ZT. However, ZT is also in dependence of the
thermal conductivity . If we assume that the thermal conductivity of the
bipolar transistor is equal to 2W/m K, our calculated results in Table III
imply that the bipolar transistor ZT can be up to dozens of times or even
hundreds of times greater than bulk and film values, giving values
of max 45ZT  in Cases I and III and max 425ZT  in Cases II and IV at
323.15K.
IV. Summary
In this paper, we present a general model for P-N-P heterostructures.
In our model, P-N-P heterostructures behave as bipolar transistors due to
the setting of temperature gradient. We take an abrupt
P-Bi0.5Sb1.5Te3/N-Bi2Te3/ P-Bi0.5Sb1.5Te3 heterostructure as example to
obtain thermoelectric performance of this model. The electrical
conductivity based on the emitter current density and the Seebeck
coefficient based on the collector voltage for the bipolar transistor were
calculated in order to control the Seebeck coefficient and the electrical
conductivity independently. The conclusion can be obtained as below.
(1) With the optimal doping concentration of 19 32.7 10 / cm ,
19 32.8 10 / cm and 19 32.8 10 / cm for the base material, emitter material and
collector material, respectively, the maximum emitter current density and
the maximum collector voltage under different carrier mobility are 1.892
×1011A/m2 or 1.769×1012A/m2 and 0.1656V. The maxZT values can reach
45 or 425 at 323.15K. Therefore, this model is a useful method to
enhance thermoelectric performances and efficiency.
(2) This P-N-P heterostructure model not only provides a completely
new perspective for research in the thermoelectric field, but also for other
energy conversion mechanisms, such as photovoltaic conversion.
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Appendix: Emitter current density for an idealized silicon N-P-N
bipolar transistor
The emitter current density is written as:
 / 1E BnB pB pE nE qV k TE
B pE
D n D n
J q e
W L
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The relevant data are as follow:[22]
11 32.26 10 /in cm  ,  
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1.02 10 /
5 10
i
pb
aB
n
n cm
N
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 , 500BW nm ,
610n s  in the base , 75 10p s   in the emitter, 2 122.5nBD cm s  ,
2 16.5pED cm s
  , 18pL m ,
 2112 5 3
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ne
dE
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 , 8 21.44 10 /EJ A m   is shown in the
literature.
We utilize Eq.(A1) to obtain the emitter current density 'EJ based on these data
and compare with EJ .
Therefore, ' 8 21.41 10 /EJ A m   is obtained. And the result is very close to
EJ .
Finally, we can conclude that Eq.(4) and Eq.(A1) are all effective for calculating
emitter current densities of P-N-P bipolar transistors and N-P-N bipolar transistors.
Reference:
[1] G.J. Snyder, E.S. Toberer. Complex thermoelectric materials[J]. Nature Materials,
2008, 7(2):105-114.
[2] J.Mao, Z.Liu, Z.Ren. Size effect in thermoelectric materials[J]. Nature, 2016, 1(1).
[3] Z.G.Chen, G.Han, L.Yang, L.N.Chen, J.Zou. Nanostructured thermoelectric
materials: Current research and future challenge[J]. Progress in Natural Science
Materials International, 2012(6):535-549.
[4] C.J.Vineis, A.Shakouri, A.Majumdar, M.G.Kanatzidis. Nanostructured
Thermoelectrics: Big Efficiency Gains from Small Features[J]. Advanced Materials,
2010, 22(36):3970-3980.
[5] L.D.Hicks, M.S.Dresselhaus.Effect of quantum-well structures on the
thermoelectric figure of merit[J]. Physical Review B, 1993, 47 (19):12727-12731.
[6] R.Venkatasubramanian, E.Siivola, T.Colpitts, B.O’Quinn.Thin-film thermoelectric
devices with high room-temperature figures of merit[J]. Nature, 2001, 413: 597-602.
[7] T.C.Harman, M.P.Walsh, B.E.Laforge, G.W.Turner. Nanostructured thermoelectric
materials[J]. Journal of Electronic Materials, 2005, 34(5):L19-L22.
[8] A.I.Boukai, Y.Bunimovich, J.Tahir-Kheli, et al. Silicon nanowires as efficient
thermoelectric materials[J]. Nature, 2008, 451(7175):168-171
[9] B.Hinterleitner B, I.Knapp, M.Poneder, et al. Thermoelectric performance of a
metastable thin-film Heusler alloy[J]. Nature, 2019, 576(7785).
[10] M. S.Dresselhaus, G.Chen, M.Y.Tang et al.New Directions for Low-Dimensional
Thermoelectric Materials[J]. Advanced Materials, 2007.
[11] J.P.Heremans. Low-dimensional thermoelectricity[J]. Acta Physica Polonica A,
2006, 108(4):609.
[12] P.Hyldgaard, G.D.Mahan. Phonon superlattice transport[J]. Physical Review B,
1997, 56(17):10754-10757.
[13] A.Balandin, K.L.Wang. Effect of phonon confinement on the thermoelectric
figure of merit of quantum wells[J]. Journal of Applied Physics,1998,
84(11):6149-6153.
[14] G.Chen, T.Zeng, T.Borca-Tasciuc, et al. Phonon engineering in nanostructures for
solid-state energy conversion[J]. Materials Science and Engineering A, 2000,
292(2):155-161.
[15] Z.M.Dashevsky, S.Ashmontas, L.Vingelis, et al. The thermoelectric power on p-n
junction[C]// Fifteenth International Conference on Thermoelectrics. IEEE, 1996.
[16] A.A.Zakhidov, Y.I.Ravich, D.A.Pchenoy-Severin. Thermopower enhancement
and optimal ZT in p-n junction arrays[C]// Eighteenth International Conference on
Thermoelectrics. IEEE, 1999.
[17] Y.I.Ravich, D.A.Pshenai-Severin. Thermoelectric figure of merit of a p-n
junction[J]. Semiconductors, 2001, 35(10):1161-1165.
[18] M.Wagner, G.Span, T.Grasser. Thermoelectric Power Generation using Large
Area Si/SiGe pn-Junctions with varying Ge[J]. Semiconductor Science and
Technology, 2007, 22(1):1-2.
[19] M.Wagner, G.Span, S.Holzert, et al. Design Optimization of Large Area Si/SiGe
Thermoelectric Generators[J]. 2006.
[20] D.Y.Fu. Strain and Polarization Induced Band Engineering and The Transport
Dynamics of Semiconductors[D]. Nanjing University,2012.
[21] J.J.Ebers, J.L.Moll. Large-Signal Behavior of Junction Transistors[J].
Proceedings of the I.R.E, 1954, 42:1761-1772.
[22] C.Papadopoulos. Solid-State Electronic Devices. Springer-Verlag New York Inc.
2013.
[23] W.Shockley. The Theory of p-n Junctions in Semiconductors and p-n Junction
Transistors[J]. Bell Syst. Tech. J, 1949, 28(3):435-489.
[24] H.Guckel, D.C.Thomas, S.V.Iyengar, A.Demirkol. Transition region behavior in
abrupt, forward-biased pn-junctions[J]. Solid-State Electronics, 1977,20(7):647-652.
[25] K.P.Pipe, R.J.Ram, A.Shakouri. Bias-dependent Peltier coefficient and internal
cooling in bipolar devices[J]. Physical Review B, 2002, 66(12):125316.
[26] J.Zhou, R.Li, R.Chen, et al. Semiclassical model for thermoelectric transport in
nanocomposites[J]. Physical Review B Condensed Matter, 2010, 82(11):2431-2443.
[27] F.Ahmad, R.Singh, P.K.Misra, et al. Fabrication of a p–n Heterojunction Using
Topological Insulator Bi2Te3–Si and Its Annealing Response[J]. Journal of Electronic
Materials, 2018:1-12.
[28] B.L.Huang, M.Kaviany. Ab initio and molecular dynamics predictions for
electron and phonon transport in bismuth telluride[J]. Physical Review B, 2008,
7720(12):38-39.
[29] G.Y.Xu, P.Ren, T.Lin, et al. Mechanism and application method to analyze the
carrier scattering factor by electrical conductivity ratio based on thermoelectric
property measurement[J]. Journal of Applied Physics, 2018, 123(1):015101.
[30] S.Y.Wang, G.J.Tang, W.J.Xie, et al. Enhanced thermoelectric properties of
Bi2(Te1-xSex)3-based compounds as n-type legs for low-temperature power
generation[J]. Journals of Materials Chemistry, 2012,22:20943-20951.
[31] Seong-Jae.Jeon, Haseok.Jeon, et al. Microstructure evolution of sputtered
BiSb-Te thermoelectric films during post-annealing and its effects on the
thermoelectric properties[J].Journal of Alloys and Compounds, 2013, 553(6):343-349.
[32] V.A.Kulbachinskii, Z.M.Dashevskii, M.Inoue,et al. Valence-band changes in
Sb2-xInxTe3 and Sb2Te3-ySey by transport and Shubnikov-de Haas effect
measurements[J]. Physical Review B, 1995.
[33] V.A.Kulbachinskii, M.Inoue, M.Sasaki, et al. Valence-band energy spectrum of
solid solutions of narrow-gap-semiconductor Bi2-xSnxTe3 single crystals[J]. Physical
Review B,1994.
[34] Y.Deng, H.M.Liang, Y.Wang, et al. Growth and transport properties of oriented
bismuth telluride films[J].Journal of Alloys and Compounds, 2011,
509(18):5683-5687.
